Semilunar granule cells (SGCs) have been proposed as a morpho-functionally distinct class of 3 hippocampal dentate projection neurons contributing to feedback inhibition and memory 4 processing in juvenile rats. However, whether SGCs retain their unique structural and inhibitory 5 characteristics through postnatal development remains unresolved. Focusing on postnatal days 6 11-13, 28-42, and >120, corresponding with human infancy, adolescence, and adulthood, we 7 examined whether SGCs differ from granule cells (GCs) in somatodendritic morphology and 8 inhibitory regulation. Unsupervised cluster analysis confirmed that morphological features 9 distinguish SGCs from GCs irrespective of animal age. SGCs maintain higher spontaneous 10 inhibitory postsynaptic current (sIPSC) frequency than GCs from infancy through adulthood. 11
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The dentate gyrus, the primary gateway for cortical inputs to the hippocampus, plays a unique 24 role in memory processing as a center for sparse coding mediated, in large part, by strong 25 inhibitory filtering of activity (Dengler CG and DA Coulter 2016) . The classical dentate 26 projection neurons, granule cells (GCs), which number in over a million in the rat brain, rest at 27 more hyperpolarized potentials than most hippocampal neurons, receive powerful feedback 28 inhibition, and project strong "detonator" synapses to CA3 enabling sparse yet reliable 29 transmission (Engel D Developmentally, both SGCs and GCs express the homeodomain transcription factor Prox1 47 (Gupta A et al. 2012 ) and derive from the same neural precursor pool, although SGCs 48 differentiate in a more restricted embryonic phase, demonstrating a common lineage between 49
SGCs and GCs (Kerloch T et al. 2018; Save L et al. 2018 ). Based on the embryonic 50 developmental analysis, SGCs are estimated at 3% of the neurons generated from the dentate 51 neurogenic pool from which GCs derive (Save L et al. 2018 ). Like GCs, SGCs have dendrites in 52 the dentate molecular layer, and axons projecting to CA3. However, they can be distinguished 53 from GCs based on their expansive dendritic span, large semi-lunar somata in the inner 54 molecular layer (IML), and frequent presence of IML axon collaterals (Williams PA et al. 2007 ; 55 Gupta A et al. 2012) . In earlier studies in rats, we defined SGCs on the basis of their wider 56 dendritic angle (Gupta A et al. 2012) , which was subsequently confirmed in mice (Save L et al. 57 2018). To date, morphometric analysis of SGCs has been limited to a narrow window of 58 postnatal day (PD) 14-42 in rats, which is consistent with the neurological developmental state of 59 human adolescence (Semple BD et al. 2013; Sengupta P 2013) , or in an embryonically labeled 60 subgroup of neurons in young adult mice (Save L et al. 2018 ). However, whether SGCs retain 61 their distinct structural characteristics through postnatal development has not been examined. 62
Recent studies have suggested layer specific differences in GC morphology (Kerloch T et al. features that distinguish GCs from SGCs, it is difficult to interpret whether reports on changes in 66 GC morphology reflect inclusion of structurally distinct SGCs in the datasets. Moreover, the 67 ability to reliably distinguish SGCs from GCs across animal age is a prerequisite to elucidating 68 the unique role that SGCs play in dentate processing. Unsupervised analysis of dendritic morphometric features is ideally suited to examine whether SGCs remain distinct from GCs 70 through development and to elucidate the somato-dendritic features that specify the cell types. 71
Physiologically, SGCs show prolonged firing, reduced spike frequency adaptation, and lower 72 input resistance than GCs (Williams PA et al. 2007; Gupta A et al. 2012; Save L et al. 2018) . 73
Unlike GCs, SGCs respond to perforant-path stimulation with persistent firing lasting several 74 seconds, which correlates with periods of increased hilar activity termed "up-states" (Larimer P 75 and BW Strowbridge 2010). SGCs have larger NMDA currents (Williams PA et al. 2007 ) than 76 GCs, make synaptic contacts with hilar mossy cells and interneurons and have been proposed to 77 drive granule cell feedback inhibition (Larimer P and BW Strowbridge 2010). Apart from 78 excitation, we previously demonstrated that SGCs have greater synaptic and extrasynaptic 79 GABA currents (Gupta A et al. 2012) . Additionally, we identified that GCs and SGCs have 80 diametrically opposite changes in synaptic and tonic GABA currents after brain injury 81 suggesting that differences in inhibition which could contribute to distinct roles for SGCs and 82
GCs in the dentate circuit. GCs undergo changes in both tonic and synaptic GABA currents 83 during postnatal development (Hollrigel GS et al. 1998 SGCs form a structurally distinct class of dentate neurons through specific postnatal 91 developmental stages representing infancy ( PD 11-13, prior to rodent eye opening), adolescence Recordings were obtained using MultiClamp 700B (Molecular Devices). Data were low-pass 119 filtered at 3 kHz, digitized using DigiData 1440A, and acquired using pClamp10 at 10 kHz 120 sampling frequency. Tonic and synaptic GABA currents were recorded in perfusing aCSF with 121 no added GABA or GABA transporter antagonists in the recording solution (Gupta A et al. 122 2012; Yu J et al. 2013 ). Voltage-clamp recordings of inward GABA currents were obtained from 123 a holding potential of -70 mV using microelectrodes (5-7 MΩ) containing (in mM): 125 CsCl, 5 124 NaCl, 10 HEPES, 2 MgCl 2 , 0.1 EGTA, 2 Na-ATP, and 0.5 Na-GTP, titrated to a pH 7.25 with 125
CsOH. Biocytin (0.2%) was included in the internal solution for post hoc cell identification, and 126 the glutamate receptor antagonist kynurenic acid (3 mM KynA, Tocris Bioscience) was included 127 in the external solution to isolate GABA currents. Among neurons recorded in the IML, only Recordings were discontinued if series resistance increased by >20%. Access resistance was not 132 different between cell-types or between developmental groups. Following establishment of 133 whole cell mode, baseline recordings were obtained for a minimum of five minutes in the 134 presence of KynA prior to addition of GABA blockers. Recordings with excessive baseline 135 fluctuations during the 3-5 minutes of recordings in KynA were discarded. All salts were 136 purchased from Sigma-Aldrich (St. Louis, MO). Tonic GABA current, the steady-state current 137 blocked by the GABA A R antagonist bicuculline methiodide (BMI, 100µM, Sigma-Aldrich) or 138 gabazine (SR95531, 10 µM, Sigma-Aldrich), was measured as described previously ( 150μs, 0.1Hz monophasic pulses; ISOflex, AMPI Israel). Coordinates used for dentate gyrus 179 were, from bregma, AP: -2 mm, ML: +1.5 mm, DV: -2.2-2.5mm for infant, AP: -3.5 mm, ML: 180 +2 mm, DV: -3mm for adolescent, and AP: -4 mm, ML: +2mm, DV: -3.5mm for adult animals. 181
Final electrode positions were optimized for maximal evoked responses. Paired-pulse responses 182 were evoked with a 20ms interval between pulses, averaged over 5 sweeps each (0.8-1mA, 150 183 μ s, 0.1Hz, monophasic pulse). Current intensity was adjusted to levels that reliably produced 184 population spike amplitude of 0.5mV or more. Adolescent and adult animals were transcardially 185 perfused with 0.9% saline followed by 4% PFA and brains were extracted for histological 186 confirmation of electrode track. Population spike amplitude was measured as detailed previously To determine if somato-dendritic parameters distinguish GCs from SGCs through development, 230
we undertook the first unsupervised classification of dentate projection neurons on the basis of 231 morphometry. Projection neurons were identified based on the presence of somata in the GCL or 232 IML, axons with boutons entering the hilus and targeting CA3 ( Supplementary Figure 1) . 233
Additionally, we find that both SGCs and GCs, have a high density of dendritic spines 234 ( Supplementary Figure 1) , which we used as a criterion to distinguish projection neurons from 235 local interneurons when the axon was not fully recovered. Morphometric parameters of the cells 236 reconstructed in 3D were obtained from automated algorithms in Neurolucida 360 ( definitions 237 are included in Supplementary Tables 1 and 2) . Principal Component Analysis (PCA) of 42 238 distinct morphometric parameters from 36 cells revealed a relatively high dimensional structure. 239
The first three principal components (PCs) explained about 46% of the total variance in the data, 240 while the first seven components retained over 85% of the variance (Supplementary Figure 2) . 241 PCA analysis of individual cells was projected on to the first three principal components and 242 visualized in 3D representation, which suggested that the cells likely segregate by cell type (Fig. 243 2A) rather than developmental age of the rat (Fig. 2B ). 244 PCA also revealed that the cells examined cluster more reliably with the same investigator 245 assigned cell type (Fig. 2) . A total of 36 dentate projection neurons (16 cells in infant, 10 cells in 246 adolescent and 10 cells in adult), recovered based on the quantitative morphological features, 247 were included in the clustering analysis. A hybrid approach of hierarchical clustering on 248 principal components (HCPC) which helps in de-noising multidimensional dataset was adopted 249 (Husson F et al. 2010) . HCPC on the first seven components suggested four cluster partitioning 250 groups ( Fig 2C) . Opening of the blinding revealed that the four putative clusters demonstrated a 251 tendency for cells to cluster by putative cell-type. Cluster 1 included 11 cells classified as GCs and one classified as an SGC by the investigator, Cluster 2 included five putative GCs and four 253 putative SGCs. Consistent with the mixed population, cluster 2 had a silhouette score close to 0 254 indicating an unstable cluster. Clusters 3 and 4 consisted entirely of cell classified as SGC by the 255 investigator (A.G). Overall, silhouette analysis supported the clustering of homogenous 256 population but not the mixed population. 257
Identity of principal morphometric parameters that best represent the PCs 258
The PCs were examined further to identify the top five morphological variables which best 259 represent the PC (cos2 which differed between clusters. Interestingly, the one cell classified as SGCs by the investigator 268 that clustered with putative GCs was located in the IML (a feature that was not included in the 269 cluster analysis), had a wide dendritic angle, but had more than one primary dendrite, typically 270 seen in GCs, with complex pattern of branching which could have driven the clustering with GCs 271 (Supplementary Figure 2D ). Importantly, comparison of cell classification based on the 272 unsupervised approach to that of the investigator (A.G.) confirmed that the investigator and 273 (26 of 27) when the cells in the mixed cluster 2 are removed. These findings confirm that GCs 275 and SGCs are structurally distinct and demonstrate that the investigator can reliably discriminate 276 the cell-types. 277
Developmental changes in somato-dendritic morphology of dentate projection neurons 278
Using the investigator-assigned classifications, we next examined which specific morphological 279 parameters showed cell-type and developmental differences. First, we focused on the parameters 280 that contributed to PCs underlying cell classification. As predicted based on the PCA, the 281 number of primary dendrites (first order segments), second order segments and nodes were 282 different between SGCs and GCs, with SGCs having significantly more dendritic segments in the 283 first three orders of dendrites ( Fig. 3A, Supplementary Figure 3 & Supplementary Tables 3 &4) . 284
However, the effect of age on the number of segments in each order was not statistically 285 significant ( Supplementary Figure 3A&B , Supplementary Tables 3 & 4) . Similarly, soma width 286 and dendritic angle were greater in SGCs and failed to show age related changes (by TW-287 ANOVA; Fig. 3B&C , and Supplementary Tables 3 & 4) . Thus, these parameters are ideally 288 suited to distinguish cell-types regardless of age. In contrast, dendritic length showed a 289 significant effect of age yet was not different between cell types ( Fig. 3D, 
and Supplementary 290
Tables 3 & 4). Of note, SGCs had significantly lower dendritic complexity than GCs and failed 291 to show the age-dependent increase in complexity observed in GCs (Fig. 3E, 
and Supplementary 292
Tables 3 & 4). Additional parameters that reflected 3D dendritic structure including convex hull 293 surface area showed significant differences between cell-type and with age ( Fig. 3F , 294 Supplementary Tables 3 & 4 ). The convex hull surface area increased with development from 295 infancy to adolescence and remained at adolescent levels in the adult (Fig. 3F, and  296 Gupta et al, Page 16 of 40 Supplementary Tables 3 & 4 ) and appeared to contribute substantially to variability in the PCA 297 analysis of pooled morphometric dataset (Supplementary Figure 2B) . Finally, certain summed 298 dendritic parameters including total numbers of dendritic terminals (ends), nodes, and segments 299 showed neither cell-type nor age related differences (Supplementary Figure 3D -F, 300 Supplementary Tables 3 & 4) . 301 302
Heightened inhibitory synaptic drive to SGCs during adolescence 303
We previously demonstrated that SGCs from adolescent rats receive a greater frequency of 304 action-potential driven sIPSCs than GCs from age-matched rats (Gupta A et al. 2012 ). To 305 determine if SGC inhibitory drive changes through postnatal development, we recorded sIPSCs 306 from SGCs and GCs in three developmental stages. As illustrated in Fig. 4 , SGCs consistently 307 showed a higher frequency of sIPSCs compared to GCs from age matched rats. Both cell-types 308 showed changes in sIPSC frequency with age. The frequency of sIPSCs in GCs increased from 309 infancy through adolescence, peaked at adolescence and showed a slight, yet, significant 310 decrease in adults. (Fig. 4D, Supplementary Figure 4 and Supplementary Tables 5 & 6 ). Despite 311 the decrease from adolescence to adulthood, the sIPSC frequency in GCs from adults was higher 312 than that in infancy. SGCs, on the other hand, showed a distinct peak in sIPSC frequency during 313 adolescence with a significant reduction in frequency in adults, back to the levels observed in 314 infancy ( Fig. 4D, Supplementary Figure 4 , and Supplementary Tables 5 & 6) . Thus, despite 315 being consistently higher than in GCs, sIPSC frequency in SGCs appears to show a specific and 316 transient enhancement during adolescence.
Unlike sIPSC frequency, SGC sIPSC amplitude did not differ from GCs in infant and adolescent 318 rats ( Fig. 5 and Supplementary Tables 5 & 6) , consistent with our earlier reports in adolescent 319 rats (Gupta A et al. 2012 ). However, GCs from adults showed a significantly larger sIPSC 320 amplitude compared to age-matched SGCs (Fig. 5D3) . In GCs, sIPSC amplitude decreased 321 from infancy to adolescence and remained at levels similar to adolescence through adulthood 322 ( Fig. 5C ). While sIPSC amplitude in SGCs decreased through postnatal development with a 323 significant reduction from infancy to adolescence, unlike GCs, SGC sIPSC amplitude declined 324 further in adults ( Fig. 5C , Supplementary Tables 5 & 6 ). Since distal inhibitory inputs can 325 attenuate to a smaller amplitude at the soma (Soltesz I et al. 1995) , we sought to assess whether 326 developmental change in GC and SGC sIPSC amplitude may be explained by changes in 327 proximal versus distal dendritic inputs with age. To determine if there is a systematic change in 328 the amplitude of sIPSCs with age, we assigned sIPSCs to two groups based on their amplitudes: 329 large and putative proximal and perisomatic (>50pA), and small (<50pA), potentially dendritic. 330
We then calculated the proportion of these events classes in GCs and SGCs during development. 331
Consistent with the developmental increase in dendritic length and potential pruning of 332 perisomatic events during adolescence (Tran TS et al. 2009 ), the proportion of large amplitude, 333 presumed perisomatic events (>50pA) were highest in infants and reduced progressively with 334 age while the smaller amplitude events <50pA events increased with age in both the cell types 335 (Supplementary Figure 5) . These findings indicate that developmental increase in dendritic 336 length may contribute to decline in IPSC amplitude over age in both cell types. 337
Extrasynaptic GABA currents in SGCs peak during adolescence 338
Gupta et al, Page 18 of 40 Apart from GABAergic synaptic inputs, dentate GCs are known to express extra and 339 perisynaptic GABA A receptors that contribute to steady-state tonic GABA currents (Stell BM et 340 al. 2003) . We previously demonstrated the presence of tonic GABA currents in SGCs and 341 identified that the amplitude of tonic GABA current in SGCs was greater than in age-matched 342 adolescent GCs (Gupta A et al. 2012) . Although tonic GABA current amplitude in SGCs, 343 measured as the baseline currents blocked by a saturating concentration of GABA A receptor 344 antagonists, was significantly greater than in GCs during adolescence, tonic GABA A current 345 amplitude was not different between GCs and SGCs during infancy or adulthood (Fig. 6 ). In 346 GCs, the amplitude of tonic GABA current amplitude remained relatively stable through the 347 postnatal period examined. In contrast, SGCs showed a significant increase in tonic GABA 348 currents from infancy to adolescence which returned back to pre-adolescent levels in adults ( In addition to using unbiased approaches to classify SGCs as a distinct neuronal class, our data 406 identify key age-invariant features to distinguish the SGCs from GCs. We find that the number 407 of primary dendrites, dendritic angle, and soma ratio are significantly higher in SGCs and can be 408 used to categorize SGCs and GCs. In particular, the multiple primary dendrites observed in 409 SGCs stands in stark contrast to the typical one to two apical dendrites observed in granule cell 410 reconstructions (Thind KK et al. 2008 ). Indeed, the striking >85% correspondence between the 411 unsupervised clustering and investigator assigned clustering likely stems from the investigator's 412 use of dendritic angle, soma width, which are significant contributors to the firsc PC, in addition to soma location to classify cell types. Dendritic length, on the other hand, increased during 414 development but was not different between cell types indicating that processes reflecting 415 developmental maturation are common to the cell types. Consistent with the presence of larger 416 dendritic angle, the convex hull 3D volume and 3D surface area of SGCs were greater than that 417 of GCs. However, there was also a developmental increase in these parameters from infancy to 418 adolescence and a further stabilization into adulthood in both cell types, likely reflecting the 419 developmental increase in hippocampal volume. Interestingly, although the number of terminal 420 nodes was not different, the dendritic complexity was significantly lower in SGCs than in GCs terminals and dendritic tortuosity ( Supplementary Table 3 ) showed neither cell type nor age-438 related differences. Similarly, SGCs, like GCs, have dendritic spines which can aid in 439 distinguishing them from inhibitory neurons. Additionally, hilar axon collaterals of SGCs have 440 "mossy fiber boutons" typically attributed to GCs ( Supplementary Fig. 1 In an earlier study, we identified that SGCs are under stronger inhibitory regulation than GCs 467 with higher frequency of inhibitory synaptic currents and greater amplitude of tonic GABA 468 currents (Gupta A et al. 2012) . Here, we find that SGCs continue to receive greater spontaneous 469 synaptic inhibitory events than GCs through postnatal development. This contrasts with the lack 470 of difference in inhibitory current between embryonically-born and adult-born mature granule 471 cells (Laplagne DA et al. 2007 ). Interestingly, we find that the frequency of sIPSCs peak during 472 adolescence in both cell types while the amplitude decreases progressively with development. 473
Can dendritic structural features explain the cell-type specific and developmental differences in 474 sIPSC parameters in dentate projection neurons? The consistently higher sIPSC frequency in 475 SGCs is surprising as the dendritic lengths and location are not different between GCs and SGCs 476 (Fig. 3) . The wider dendritic distribution of SGCs, also reflected in the greater convex hull 3D 477 volume, could allow for inputs from a larger group of inhibitory neurons to impinge on SGC 478 dendrites, while GCs with their compact dendritic distribution may receive fewer inputs. It is 479 also possible that the relatively early embryonic development of SGCs increases the chance of 480 SGCs to receive more synaptic inputs compared to GCs which develop later into adulthood. 481 However, since both dendritic length and convex hull 3D volume increase with postnatal development of both cells, changes in dendritic morphology or embryonic development are 483 unlikely to account for the peak in sIPSC frequency in adolescence followed by decline in adults. 484
Rather, developmental increase in synapses from infancy to adolescence followed by pruning or 485 synapse elimination into adulthood (Tran TS et al. 2009 In parallel, the amplitude of extrasynaptic GABA currents in SGCs also peaked during 501 adolescence. Although the GC data showed a trend suggesting a peak during adolescence, 502 statistically rigorous analysis considering multiple groups was unable to reveal the 503 developmental changes in GC tonic GABA currents quantified in previous studies (Holter NI Together, the structural and functional data identify SGCs as a cell type which differs from GCs 521 in somato-dendritic structure and developmental plasticity of steady state inhibition. Our data 522 demonstrate that SGCs have uniquely heightened inhibitory regulation during adolescence which 523 suggests that they may be subject to extensive endogenous and exogenous modulation of activity 524 levels during adolescence. Notably, our results delineate salient structural features that enable 525 anatomical identification of this subpopulation of dentate projection neurons. The novel data 526 defining the structural features of SGCs will allow for future targeted analysis of their molecular 527 profile and microcircuit connectivity to better understand their role in circuit function and behaviors. In conclusion, the fundamental characterization of SGCs presented here will support 529 incorporation of SGCs into current models of the dentate gyrus and consideration of their role in 530 dentate microcircuit processing in health and disease. 531 
